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Available online 16 May 2013Abstract Neurons derived fromhuman induced-pluripotent stem cells (hiPSCs) have been used tomodel a variety of neurological
disorders. Different protocols have been used to differentiate hiPSCs into neurons, but their functional maturation process has
varied greatly among different studies. Here, we demonstrate that laminin, a commonly used substrate for iPSC cultures, was
inefficient to promote fully functional maturation of hiPSC-derived neurons. In contrast, astroglial substrate greatly accelerated
neurodevelopmental processes of hiPSC-derived neurons. We have monitored the neural differentiation and maturation process
for up to two months after plating hiPSC-derived neuroprogenitor cells (hNPCs) on laminin or astrocytes. We found that one week
after plating hNPCs, there were 21-fold more newly differentiated neurons on astrocytes than on laminin. Two weeks after plating
hNPCs, there were 12-fold more dendritic branches in neurons cultured on astrocytes than on laminin. Six weeks after plating
hNPCs, the Na+ and K+ currents, as well as glutamate and GABA receptor currents, were 3-fold larger in neurons cultured on
astrocytes than on laminin. And two months after plating hNPCs, the spontaneous synaptic events were 8-fold more in neurons
cultured on astrocytes than on laminin. These results highlight a critical role of astrocytes in promoting neural differentiation and
functional maturation of human neurons derived from hiPSCs. Moreover, our data presents a thorough developmental timeline of
hiPSC-derived neurons in culture, providing important benchmarks for future studies on disease modeling and drug screening.
© 2013 Elsevier B.V. All rights reserved.Introduction
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http://dx.doi.org/10.1016/j.scr.2013.05.002somatic cells have made it possible to establish a potential
patient-specific therapy using the patient's own cells (Takahashi
et al., 2007; Yu et al., 2007; Marchetto et al., 2010a;
Mitne-Neto et al., 2011; Robinton and Daley, 2011). Human
iPSCs have been successfully differentiated into a variety of cell
types including central nerve cells (Lee et al., 2009; Hansen
et al., 2011; Soldner et al., 2011; Bilican et al., 2012; Shi et al.,
2012). hiPSC-derived neurons have been demonstrated as
invaluable tools for disease modeling and drug discovery
(Ebert et al., 2009; Lee et al., 2009; Marchetto et al., 2010b;
744 X. Tang et al.Brennand et al., 2011; Grskovic et al., 2011; Itzhaki et al., 2011;
Israel et al., 2012; Kondo et al., 2013). However, different labs
are using different protocols to differentiate human neurons
from iPSCs, and so far there is no consensus as to when these
human neurons are fully functional mature after differentia-
tion. In order to obtain comparable functional neurons from
different sources of hiPSCs for disease modeling and drug
screening, it is urgent to establish an optimized protocol that
can be used by different labs to achieve reproducible results.
Previous studies have demonstrated that glial cells are
fundamentally important for neuronal synapse formation and
plasticity (Banker, 1980; Haydon, 2001; Yang et al., 2003;
Hama et al., 2004; Barres, 2008; Eroglu and Barres, 2010).
Experimental evidence has also suggested that glial cells can
regulate diverse stem cell functions such as proliferation (Lie
et al., 2005; Chell and Brand, 2010), migration (Aarum et al.,
2003), and differentiation (Song et al., 2002a). A recent study
found that astrocytes facilitate the onset of synaptic events in
neurons differentiated from human embryonic stem cells
(Johnson et al., 2007). However, the precise role of glial cells
in the differentiation and maturation of human neurons
derived from iPSCs is still not well understood.
In this work, we demonstrated that astrocytes play a
critical role in promoting both morphological and func-
tional maturation of human neurons derived from iPSCs.
Compared to commonly used substrate laminin, astrocytes
significantly enhanced neuronal dendritic complexity, the
expression of ionic channels and neurotransmitter recep-
tors, and the frequency and amplitude of synaptic events.
Human neurons were capable of firing action potentials
and releasing neurotransmitters after plating hNPCs on
astroglial substrate for only 1–2 weeks. We also demon-
strated that the iPSC-derived human neurons can be
incorporated into preexisting mouse neural network after
one week of coculture. Our data suggest that astroglial
cells are instrumental in promoting the functional devel-
opment of human neurons derived from iPSCs. This study
provides an important functional timeline of human
neuronal development in vitro to guide future research
using hiPSC-derived neurons for disease modeling and drug
screening.
Materials and methods
Maintenance and differentiation of human
iPSC-NPC cells
NPCs were derived from hiPSCs (WT126 clone 8; and WT33
clone 1) as described before (Marchetto et al., 2010b), and
expanded in a proliferation medium that contained DMEM/F12
with Glutamax, B27-supplement (Invitrogen), N2 (Stem Cells),
500 ng/ml human Noggin (Fitzgerad), 10 μM ROCK inhibitor
(Axxora), 20 ng/ml FGF2 (Invitrogen), and 1 μg/ml laminin
(Invitrogen). After cells reach 80% confluence, they were
gently dissociated with Triple (Invitrogen), resuspended in
culture medium, and seeded onto coverslips in 24-well
plates at a density of 40,000 to 80,000 cells per well. To
start a neuronal differentiation process, hNPCs were
exposed to a differentiation medium consisting of DMEM/
F12 with Glutamax, N2, 0.5% FBS (Invitrogen), 1 μM retinoic
acid (Sigma), 200 nM ascorbic acid, 1 μg/ml laminin, and10 μM ROCk inhibitor. In the case of using glial conditioned
medium (GCM) for NPC differentiation, naive NPC differen-
tiation medium was pre-incubated with mouse astrocytes
for up to three days before use. The NPCs used in this study
were about 10–15 passages after the original differentiation
from hiPSCs.
Primary astroglial and neuronal cell culture
Astroglial cells were cultured from the cortical tissue of
newborn mouse pups (postnatal day 3 to 5) similar to
methods previously described (McCarthy and de Vellis,
1980; Yao et al., 2006; Deng et al., 2007; Jiang and Chen,
2009). Briefly, cortical tissue was dissected out and
chopped into small cubes with dimensions around 1 mm,
and incubated in 0.05% trypsin-EDTA solution (Invitrogen)
for 30 min. After enzyme digestion, tissue blocks were
triturated to dissociate the cells and centrifuged. The
cell suspension was then plated onto 25 cm2 flasks and
maintained in 5% CO2, 37 °C incubator for up to a week.
The glial culture medium contained MEM, 5% FBS, 20 mM
D-glucose, 2.5 mM L-glutamine, and 25 unit/ml penicil-
lin/streptomycin. To remove non-astrocytes, flasks were
rigorously shaked to peel off loosely attached cells such
as neurons and oligodendrocytes. Astrocytes were spread-
ing as a thin layer and very difficult to be shaked off.
After reaching confluence, the astroglial cells were
tripsinized and resuspended before seeded on 12 mm
coverslips as the substrate for neurons or NPCs.
Neurons were prepared from P1mouse cortical tissue using
similar protocol described above for glial culture (Yao et al.,
2006; Deng et al., 2007), except that dissociated cells were
directly plated on a monolayer of astrocytes. The neuronal
seeding density was 4000–8000 cells/cm2.
Electrophysiology
Whole-cell recordings were performed using the Multiclamp
700A patch-clamp amplifier (Molecular Devices, Palo Alto,
CA) (Deng et al., 2007). The recording chamber was perfused
continuously with a bath solution consisting of (in mM) 120
NaCl, 30 glucose, 25 HEPES, 5 KCl, 2 CaCl2, 1 MgCl2. pH was
adjusted to 7.3 with NaOH. When recording glutamate
currents, the 1 mM MgCl2 was omitted from the bath solution
to avoid Mg2+ blockade on NMDA receptors. Patch pipettes
were pulled from borosilicate glass and fire-polished to a
resistance of 4–6 MΩ when filled with pipette solution,
consisting of (in mM) 147 KCl, 5 Na-phosphocreatine, 2 EGTA,
10 HEPES, 4 MgATP, and 0.5 Na2GTP, pH 7.3 adjusted with
KOH. The series resistance was typically 10–20 MΩ, and
compensated by 20–40%when recording Na+/K+ currents. For
voltage-clamp experiments, the membrane potential was
typically held at −70 mV. Drugs were applied through a
six-channel gravity-flow drug delivery system (VC-6, Warner
Hamden, CT). Data were collected using pClamp 9 software
(Molecular Devices, Palo Alto, CA), sampled at 10 kHz and
filtered at 1 kHz. Off-line data analyses of Na+ and K+
currents, glutamate and GABA responses, and action poten-
tials were performed using pClamp 9 software. Spontaneous
synaptic events were analyzed using MiniAnalysis software
(Synaptosoft, Decator, GA). All experiments were performed
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Student's t test and ANOVA test followed with Bonferroni
correction were used for statistical analysis.
Immunostaining
Cells used for immunofluorescence staining were washed
with PBS, fixed in 4% paraformaldehyde for 40 min, and
permeabilized with 0.1% Triton in PBS for 5 min. The Triton
was then washed off and 5% donkey serum was applied to
the cells for 30 min to block non-specific binding. The
primary antibodies were added to the blocking solution and
incubated overnight. The next day, excess primary anti-
bodies were washed off and proper fluorophore-conjugated
secondary antibodies were added to the coverslips and
incubated for 45 min. After the secondary antibody incuba-
tion, coverslips were rinsed 6 times with PBS and then
mounted with mounting solution (50% glycerol, 50% 0.1 M
NaHCO3 in water, pH 7.4). Fluorescent images were
acquired on a Nikon TE-2000-S microscope and an Olympus
FluoView 1000 confocal microscope. Digital images were
captured with Simple PCI imaging software and Olympus
FluoView Version 2 software. The human iPSC-lineage cells
were distinguished from the feeder layer of mouse astro-
cytes by immunoreactivity against human nuclei (Millipore).
Neuronal differentiation of hiPSC-NPC was detected by
antibodies specific for doublecortin (Abcam) and β-3 tubulin
(Tuj1, Covance). To identify neuronal subtypes, we have
used antibodies including NeuN (Millipore), GABA (Abcam),
Glutamate (Chemicon), Tyrosine Hydroxylase (TH, Millipore),
and Choline Acetyltransferase (CHAT, Millipore). To detect
glial cells in our culture, we used antibodies against GFAP
(Millipore), and S100β (Abcam). The synaptic connections
were identified with antibodies specific for SV2 (Developmen-
tal Studies Hybridoma Bank, University of Iowa, Iowa City, IA),
synaptophysin (Chemicon), GAD67 (AnaSpec), and VGlut
(Synaptic Systems).
Sholl analysis on dendritic complexity
The Sholl analysis method (Wearne et al., 2005; Ristanovic
et al., 2006) was used for the morphological assessment of
individual cells based on fluorescent images of DCX immu-
nostaining. A series of concentric circles with 20 μm in-
crements were radiated from the cell body. Each cell was
traced and analyzed using NeuronStudio software (Mount
Sinai School of Medicine, New York, NY). The number of
intersections of dendrites made with these circles, as well as
the number of branch points, were counted manually. The
cell soma size was determined using ImageJ software on the
phase contrast images of neurons.
Results
Essential role of astroglial cells in neural
differentiation
Human neural progenitor cells (hNPCs) were derived from
hiPSCs reprogrammed from fibroblasts as described before
(Marchetto et al., 2010b). The majority of the experimentswere carried out using NPCs derived from hiPSC line WT126,
unless otherwise stated (some experiments were confirmed
using NPCs from hiPSC line WT33). These hNPCs were
confirmed to express neural stem cell markers including
Sox2, Nestin, and Musashi (Supplemental Fig. 1). The neural
differentiation process of hiPSCs appears to vary greatly in
the published literature, ranging from weeks to months
(Marchetto et al., 2010b; Zeng et al., 2010; Brennand et al.,
2011; Hester et al., 2011). To establish a rapid neural
differentiation protocol, we plated hNPCs on different
substrates: laminin, laminin with glial-conditioned medium
(GCM), or directly on a monolayer of astroglial cells prepared
from neonatal mouse cortex. We found that neural differen-
tiation was very slow when hNPCs were plated on laminin,
but significantly faster when they were plated on astrocytes
(Fig. 1A). Notably, we detected a significant number of
immature neurons labeled by doublecortin (DCX) at 7 days
after plating (DAP) on astrocytes, but very few neurons on
laminin (Fig. 1B; astrocyte, 12.6 ± 7.3; laminin, 0.6 ± 0.1 per
imaging field; p b 0.05). Quantitative analysis also revealed
that the total number of cells labeled by human nuclei
(HuNu) was significantly higher when hNPCs were plated on
astrocytes (7 DAP, 58.3 ± 19.5 per imaging field) than on
laminin (12.5 ± 1.7, p b 0.05), suggesting that astroglial
cells promote not only neural differentiation but also
cell proliferation and survival (Fig. 1C). Glial conditioned
medium (GCM) showed beneficial effects in increasing the
number of neurons and total cells when compared to
laminin, but not as potent as the direct contact with
astroglial cells (Fig. 1A–C), indicating that both diffusible
and membrane-bound factors from astroglial cells are
important for neural differentiation of hiPSCs. The neural
differentiation efficiency, which is defined as the percent-
age of neurons (DCX+) among the total number of human
cells, was 22% on astroglial substrate, but only 5% on laminin
and 11% for GCM group. Immunostaining with a different
neuronal marker Tuj1 also showed significantly enhanced
neural differentiation on astroglial substrate compared to that
on laminin (Supplemental Fig. 2). Moreover, we performed
similar experiments using a different hiPSC cell line WT33 and
confirmed that both the number of DCX-positive neurons
and total number of human cells were significantly higher
on astroglial substrate than that on laminin (Supplemental
Fig. 3). Among neurons differentiated from hNPCs, the ma-
jority of neurons were found to be glutamatergic, and
GABAergic neurons as well as a few dopaminergic and cho-
linergic neurons were also detected (Supplemental Fig. 4).
These results suggest that astroglial cells play a critical role in
promoting neural differentiation and cell proliferation of
hNPCs derived from hiPSCs.Astrocytes promote dendritic development
The complexity of dendritic arborization is an important
indicator of neuronal maturation. We found that plating
hNPCs on astroglial cells resulted in neurons with increased
dendritic complexity, whereas neurons on laminin showed
fewer dendrites (Fig. 2A). We utilized Sholl analysis (Fig. 2B)
(Wearne et al., 2005; Ristanovic et al., 2006) to quantita-
tively investigate the dendritic intersections (Fig. 2C) and
branch points (Fig. 2D) in neurons cultured over a time course
Figure 1 Astrocytes promote neuronal differentiation of hiPSCs. (A) Representative images showing neuronal differentiation of human
hNPCs within first week after plating under different conditions including laminin, laminin + GCM, and astroglial cells. Human nuclei (red)
label hiPSC-derived cells, and doublecortin (green) labels newly differentiated neurons. Scale bar = 10 μm. (B) Quantification of
doublecortin positive (DCX+) cells (20× imaging field, 427 × 341 μm) in different experiment groups. Data are presented as mean ± SEM.
n N 7 for each bar graph. *p b 0.05 (one-way ANOVA followed by Bonferroni correction). (C) Quantification of total cell number (human
nuclei labeled cells) under different conditions. N = 7–10 independent replicates. *p b 0.05, **p b 0.01 (one-way ANOVA followed by
Bonferroni correction).
746 X. Tang et al.of twomonths. Specifically, after 7 DAP, doublecortin positive
(DCX+) neurons differentiated on laminin only had 14.4 ± 2.2
intersections per cell (n = 20), but neurons differentiated on
astrocytes had 34.2 ± 4.1 intersections per cell (n = 20,
p b 0.001; Fig. 2C). Similarly, the number of branch points of
neurons differentiated on astrocytes (7 DAP; 5.0 ± 0.9 per
cell; n = 20) was significantly greater than that on laminin
(0.8 ± 0.2 per cell; n = 20; p b 0.001; Fig. 2D). Furthermore,
neurons on glial cells showed increased cell body size
compared to those on laminin (Fig. 2E, 7 DAP, 145 ± 12 a.u.
for laminin group, 301 ± 32 a.u. for glial group, p b 0.001).Thus, astrocytes provide essential support to promote neuro-
nal soma and dendritic development.Rapid expression of functional channels
and receptors
The ultimate function of neurons is their ability to fire action
potentials and release neurotransmitters. We employed
whole-cell patch-clamp recordings to investigate functional
properties of neurons derived from hiPSCs. Remarkably, we
Figure 2 Astrocytes promote morphological development of hiPSC-derived neurons. (A) Representative dendritic tree of hiPSC-derived
neurons growing on laminin or glial cells at different time points. (B) Schematic diagram showing the dendritic branch points (red dots) and
intersections (green dots) used for Sholl analysis. (C) Quantification of the average number of intersections that neurites cross on a series
of concentric Sholl circles. For C–E: *p b 0.05, ***p b 0.001 (Student's t test). (D) Quantification of the average number of dendritic branch
points. (E) Quantification of the cell body size of hiPSC-derived neurons cultured on glial cells or laminin. N = 20 for each data point.
747Astrocytes control hiPSC-derived neuronal maturationwere able to detect action potentials as early as four days
after plating hNPCs on astroglial cells (Fig. 3A–B, n = 3 out of
8). Moreover, spontaneous synaptic events were detected as
early as six days in a few neurons after plating on astrocytes
(Fig. 3C–D, n = 2 out of 12), but the majority of neurons were
functionally silent at this early stage. Such rapid functional
differentiation has been verified by plating hNPCs from a
different hiPSC line (WT33) on astrocytes (Fig. 3E–F and G–H).
Our results suggest that hiPSC-derived neurons can fire action
potentials and spontaneously release neurotransmitters quite
early if provided adequate glial support.
We next systematically studied the action potential firing
and passive membrane properties of hiPSC-derived neurons
cultured on laminin versus on glial cells. Within two weeks of
culture, neurons mainly fired single action potential upon
membrane depolarization, regardless of whether plated on
laminin or glial cells. After three weeks in culture, 2/9
neurons on glial cells started to fire repetitive action
potentials, but none of the neurons on laminin (0/6) could
fire repetitive action potentials (Fig. 4A). After 6 weeks of
culture, 16/22 neurons cultured on glial cells fired repetitive
action potentials, in contrast to only 4/25 neurons cultured
on laminin. After two months, the majority of neurons
cultured on astrocytes all fired repetitive action potentials
after membrane depolarization, but most of neurons cul-
tured on laminin still fired single or a few action potentials
(Fig. 4B). Quantitatively, neurons cultured on glial cells
showed decreased action potential threshold (Fig. 4C),
increased action potential height (Fig. 4D), and decreased
action potential half-width (Fig. 4E), compared to those
cultured on laminin, suggesting that astrocytes promoted the
maturation of action potential firing. Note that newlydifferentiated human neurons initially had very high action
potential threshold (−20 to −30 mV), which gradually de-
creased to about −40 mV when neurons became more mature
(Fig. 4C). Furthermore, we also quantified the passive
membrane properties of neurons cultured on laminin or glial
cells for up to two months (Fig. 4F–H). Overall, neurons
cultured on glial cells showed higher membrane capacitance
(Fig. 4F; 60 DAP: laminin, 27 ± 2 pF, n = 22; glia, 119 ± 10 pF,
n = 23; p b 0.001), lower membrane resistance (Fig. 4G; 60
DAP: laminin, 695 ± 87 MΩ, n = 22; glia, 302 ± 39 MΩ, n = 23;
p b 0.001), and more hyperpolarized resting membrane poten-
tial (Fig. 4H; 60 DAP: laminin, −44 ± 2 mV, n = 22; glia, −59 ±
3 mV, n = 23; p b 0.001). The increased membrane capaci-
tance in neurons cultured on glial cells corresponded well
with the increased cell body size shown in Fig. 2E. Together,
these results suggest that astrocytes promote the maturation
of neuronal membrane properties and action potential firing
capabilities of human iPSC-derived neurons.
We next investigated the developmental processes of
sodium and potassium channel expression, as well as
glutamate and GABA receptor expression in hiPSC-derived
neurons. Both Na+ and K+ currents in neurons cultured on
astrocytes were significantly larger than those cultured on
laminin (Fig. 5A–B). For example, at 7 DAP, whole-cell peak
IK+ at +50 mV was 2279 ± 171 pA (n = 33) in neurons cultured
on astrocytes, but only 922 ± 144 pA on laminin (Fig. 5C;
n = 15, p b 0.001); and peak INa+ was 1094 ± 85 pA (n = 33) in
neurons on astrocytes, and 388 ± 63 pA on laminin (Fig. 5D;
n = 15, p b 0.001). The expression of neurotransmitter
receptors was also enhanced in neurons cultured on
astrocytes (Fig. 6A–B), similar to that reported for mouse
neurons (Chen et al., 1995). Quantitatively, at 7 DAP, the
Figure 3 Rapid functional development of hiPSC-derived neurons cocultured with astrocytes. (A) Phase image of cells (WT 126)
cultured on astrocytes for four days. (B) Representative action potentials detected 4 days after plating hNPCs on astrocytes. (C & D) Phase
image of cells (WT 126) after six days on astrocytes (C), and spontaneous synaptic events (D) detected from hiPSC-derived neurons.
(E–H) Cells from a different cell line (WT 33) also showed rapid action potential firing (E–F) and spontaneous synaptic events (G–H) after
coculture with astrocytes. Scale bar = 10 μm.
748 X. Tang et al.average whole-cell GABA receptor peak current was 1585 ±
256 pA (n = 20) in neurons cultured on astrocytes, and
498 ± 108 pA on laminin (Fig. 6C; n = 14, p b 0.001); and
the average glutamate receptor current was 229 ± 44 pA
(n = 20) in neurons cultured on astrocytes, but only 40 ±
12 pA on laminin (Fig. 6D; n = 15, p b 0.001). Notably,
hiPSC-derived human neurons showed much larger GABA
receptor currents than glutamate receptor currents, similarto our previous findings on mouse embryonic neurons (Deng
et al., 2007), suggesting an evolutionarily conserved role of
GABA during early neural development.We further investigated
the expression of NMDA receptors in our hiPSC-derived neurons
(Fig. 6E–G). NMDA receptors are calcium permeable and have
been demonstrated to play important roles in neural develop-
ment and synaptic plasticity. We detected clear NMDA currents
in 6 week old human neurons cultured on glial cells (Fig. 6E;
Figure 4 Astrocytes promote the development of action potential firing ability and passive membrane properties. (A) Representative
action potentials recorded from 2 week hiPSC-derived neurons growing on laminin versus glial cells. (B) Representative action potentials
recorded from 2 month hiPSC-derived neurons growing with or without glial support. (C–E) The developmental curves for the threshold
(C), amplitude (D), and half-width (E) of action potentials recorded from hiPSC-derived neurons growing with or without glial support.
*p b 0.05, **p b 0.01, ***p b 0.001 (Student's t test). (F–H) The developmental curves for passive membrane properties including
membrane capacitance (F), membrane resistance (G), and restingmembrane potential (H) recorded from hiPSC-derived neurons growing
on laminin versus astrocytes. *p b 0.05, **p b 0.01, ***p b 0.001 (Student's t test).
749Astrocytes control hiPSC-derived neuronal maturation168 ± 42 pA, n = 6) but not in neurons cultured on laminin.
After twomonths of culture, NMDA currents in neurons cultured
on glial cells showed a significant increase (Fig. 6F; 1341 ±
232 pA, n = 8), whereas the same age of neurons cultured on
laminin showed an order of magnitude smaller NMDA current
(Fig. 6G, 164 ± 50 pA, n = 7, p b 0.001). Therefore, astroglial
cells play a pivotal role in promoting the expression of
functional channels and receptors in neurons differentiated
from hiPSCs.Developmental timeline of synaptic maturation
Recent studies have reported synaptic events in neurons
derived from hiPSCs (Johnson et al., 2007; Lee et al., 2009;
Hu et al., 2010; Marchetto et al., 2010b). However, it is still
unclear when these neurons become functional, largely due
to the variety of different protocols used. To establish a
clear developmental timeline of synaptic maturation for
hiPSC-derived neurons to guide future research, we took asystematic approach to record synaptic events in hiPSC-derived
neurons from one week up to two months after culturing hNPCs
on astrocytes or laminin. Immunostaining with synaptic marker
SV2 revealed many synaptic puncta on neurons cultured on
astrocytes but only a few on laminin (Fig. 7A). This is
confirmed by electrophysiological analysis that the majority
of neurons plated on astrocytes showed a significant number
of spontaneous synaptic events, but those cultured on
laminin only showed a few events (Fig. 7B). Quantitatively,
neurons cultured on astrocytes for 2 weeks only showed less
frequent spontaneous synaptic events, but after 3 weeks of
culture the average frequency increased significantly to
1.17 ± 0.34 Hz (n = 12) with the amplitude at 23.3 ± 2.2 pA
(Fig. 7C). In contrast, neurons cultured on laminin for 3 weeks
only showed a frequency of 0.04 ± 0.01 Hz (Fig. 7C, n = 11,
p b 0.01) and amplitude of 12.8 ± 0.5 pA (Fig. 7D, n = 9,
p b 0.001). Importantly, after 2 months of culture on astro-
cytes, human neurons showed spontaneous bursting activities
(Fig. 7B), suggesting that these neurons have formed extensive
synaptic network and are highly synchronized through synaptic
Figure 5 Astrocytes increase the expression of Na and K channels. (A) Representative whole-cell Na and K currents recorded from
hiPSC-derived neurons cultured up to two months on laminin versus astrocytes. (B) The I–Vcurves for peak Na (INa) and K (IK) currents
recorded from hiPSC-derived neurons cultured with or without glial cells. (C) The developmental curves for peak K currents in human
neurons cultured for up to two months on laminin or astrocytes. *p b 0.05, **p b 0.01, ***p b 0.001 (Student's t test). (D) The
developmental curves for peak Na currents in human neurons cultured for up to two months on laminin or astrocytes.
750 X. Tang et al.connections. Moreover, we used a different hiPSC line (WT33)
to confirm that after 6 weeks of culture on astrocytes, human
neurons showed robust synaptic events (Fig. 7E). Our data
suggest that human neurons may not be synaptically mature
till 3 weeks later even if cultured on astrocytes, and neurons
cultured on laminin are further delayed in terms of synaptic
maturation.
We next investigated the relative proportion of gluta-
matergic versus GABAergic events recorded from hiPSC-derived
neurons cultured on astrocytes from 2 weeks to 2 months.Interestingly, after 2 weeks of culture, the majority of events
detected were rapidly decaying glutamatergic events (Fig. 8A).
Slow decaying GABAergic events increased significantly around
3 weeks in culture, and accounted for close to half of the
total events by 2 months (43 ± 5.8%) (Fig. 8B–C, quantified
in Fig. 8D–E). Therefore, our hiPSC-derived neurons have
relatively balanced glutamatergic and GABAergic events
when cultured on glial cells.
We further exploredwhether hiPSC-derived neurons can be
rapidly integrated into the pre-existing neural network. For
Figure 6 Astrocytes increase the expression of neurotransmitter receptors. (A) Representative whole-cell GABA response traces
recorded from hiPSC-derived neurons cultured up to two months on laminin versus astrocytes. (B) Representative whole-cell
glutamate (Glu) response traces recorded from hiPSC-derived neurons growing with or without glial support. (C) The developmental
curves for peak GABA currents in human neurons cultured for two months on laminin or astrocytes. *p b 0.05, **p b 0.01,
***p b 0.001 (Student's t test). (D) The developmental curves for peak glutamate currents in human neurons cultured for two months
on laminin or astrocytes. (E–G) Representative traces showing the development of whole-cell NMDA current in hiPSC-derived
neurons cultured with or without glial cells. (E) NMDA current recorded from human neuron cultured on astrocyte for six weeks.
(F) NMDA current recorded from human neuron cultured on astrocyte for two months. Note that the NMDA current can be largely
blocked by AP5 (red trace). (G) NMDA current recorded from 2 month human neuron cultured on laminin.
751Astrocytes control hiPSC-derived neuronal maturationthis purpose, we seeded hNPCs (labeled with green fluores-
cent dye CFDA) ontomouse neurons that had been cultured for
1 week already (Deng et al., 2007). Dual whole-cell recordings
revealed that newly differentiated human neurons could
establish synaptic connections with mouse neurons as early
as one week after coculture together (Fig. 9A–B, n = 5). The
synaptic events were only recorded when stimulating mouse
neurons to evoke synaptic transmission (Fig. 9B). Stimulating
one-week old human neurons did not evoke any synaptic
responses (not shown). After one month of culture on
astrocytes, dual whole-cell recordings between a pair of
human neurons were able to record evoked synaptic responses
(Fig. 9C–D, WT126), suggesting functional maturation of thepresynaptic release machinery in these human neurons. We
also performed similar experiments using a different hiPSC
line (WT33) and recorded evoked synaptic responses between
a pair of human neurons (Fig. 9E–F, n = 9). Therefore, after
coculture with astrocytes, hiPSC-derived neurons are capable
of forming fully functional synaptic networks both with
preexisting neurons and among themselves.Generation of astrocytes from hiPSCs
Besides neural differentiation, we also observed glial differ-
entiation from hiPSCs (Fig. 10). Similar to early neurogenesis
Figure 7 Astrocytes are essential for synaptic maturation of human neurons. (A) Representative images showing SV2-labeled
synaptic puncta along the DCX+ neurites of hiPSC-derived neurons developing for two months on laminin or astrocytes. Scale bar =
10 μm. (B) Representative traces showing spontaneous synaptic events recorded from hiPSC-derived neurons after plating hNPCs on
laminin or astrocytes for three weeks and two months. (C & D) Quantified results illustrating that hiPSC-derived neurons supported by
glial cells consistently show higher frequency (C) and larger amplitude (D) of spontaneous synaptic events than those on laminin.
*p b 0.05, **p b 0.01, ***p b 0.001 (student's t-test). (E) Representative traces showing spontaneous synaptic events recorded from
human neurons derived from a different iPSC line (WT 33) after plating on astrocytes for six weeks.
752 X. Tang et al.and late gliogenesis in vivo, we found that after two months
of plating hNPCs on laminin, a significant portion of HuNu+
cells began to express astroglial marker GFAP (Fig. 10A).
These glial cells could survive up to 3–4 months in culture,
and developed into both GFAP+ and S100B+ astrocytes with
elaborate processes (Fig. 10B). As shown in Fig. 1, hNPCs
cultured on glial cells mainly differentiated into MAP2+
neurons, but these hNPCs were typically derived from
low-passage hiPSCs (Fig. 10C). When we seeded high-passage
(N20 passages) hNPCs onto glial cells, a significant portion of
hNPCs also differentiated into GFAP+ astrocytes (Fig. 10D).
These data suggest that the fate determination of human
iPSC-derived NPCs follows normal brain development princi-
ples, that neurons are generated by early neuroprogenitorcells whereas glial cells are generated by late neuroprogenitor
cells.Discussion
In this work, we demonstrated that hiPSCs can be rapidly
differentiated into functional neurons when cultured on a
monolayer of astrocytes. In contrast, laminin is a poor
substrate to promote neural differentiation, neuronal sur-
vival, and synaptic maturation of human neurons derived
from hiPSCs. Astrocytes also significantly increased dendritic
complexity and the surface expression of ionic channels
and neurotransmitter receptors of human neurons. Our data
Figure 8 Excitatory synaptic transmission precedes inhibitory
synaptic transmission in hiPSC-derived neurons. (A–C) Represen-
tative traces showing spontaneous synaptic events recorded from
human neurons at 14 (A), 21 (B), and 60 (C) days after plating on
astrocytes. Note that the synaptic responses which initially
appeared were usually fast-decaying glutamatergic events (A),
but slow-decaying GABAergic events appeared later. (D) Quanti-
fied results showing that the percentage of spontaneous IPSCs
among all events increased as the human neurons mature.
*p b 0.05, ***p b 0.001 (one-way ANOVA followed by Bonferroni
correction). (E) Cumulative probability plot of decay time of
spontaneous synaptic events recorded from hiPSC-derived neu-
rons 14 (red), 42 (green) or 60 (blue) days in culture (1 ms bins,
p b 0.001 by Kolmogorov–Smirnov test).
753Astrocytes control hiPSC-derived neuronal maturationprovide a thorough timeline of both morphological and
functional development of human neurons derived from
hiPSCs, which will be important to guide future research
using hiPSC-derived neurons for disease modeling and drug
screening.Essential role of astrocytes in promoting neural
differentiation and rapid functional maturation of
hiPSC-derived neurons
Previous studies have reported that adult hippocampal
astrocytes promote neural differentiation of adult neuralstem cells (Song et al., 2002a). While some recent studies
have cultured human embryonic stem cells (ESCs) or iPSCs with
astrocytes to increase neural differentiation and synaptic
function (Johnson et al., 2007; Marchetto et al., 2008; Hu
et al., 2010; Brennand et al., 2011), the precise role of
astrocytes in supporting human iPSC-derived neurons is not well
understood. In this work, we have thoroughly investigated the
role of astrocytes from the first day of plating human hNPCs
until two months of growing on astrocytes. We found that
astrocytes initially promote cell proliferation and survival of
NPCs. After 24 h growing on astrocytes, the total number of
cells more than doubled that on laminin. Astrocytes also
promote neural differentiation as shown by significantly
increased number and percentage of newborn neurons com-
pared to laminin as the substrate. Importantly, we demonstrat-
ed that neurons differentiated from human hNPCs fired action
potentials within one week, and some sparse synaptic events
could be detectedwithin twoweeks after plating on astrocytes.
Compared to the direct plating on astrocytes, glial-conditioned
medium only partially increased neural differentiation,
suggesting that astrocyte-secreted factors were not as potent
as the direct contact with astrocytes, consistent with previous
finding for adult rat NSCs (Song et al., 2002a).Astrocytes are critical for iPSC-derived neurons to
form robust synaptic connections
Astrocytes play an active role in regulating synapse formation
among neurons (Barres, 2008; Eroglu and Barres, 2010).
Previous studies have suggested that astrocytes also promote
synapse formation in neurons derived from adult rat NSCs
(Song et al., 2002b) and human ESCs (Johnson et al., 2007). In
this study, we demonstrated that synapse development and
function in the human neurons derived from hiPSCs were
greatly enhanced by astrocytes. After three weeks in culture
on astrocytes, human neurons showed robust synaptic events.
Human neurons continue their developmental process after
2 months of culture on astrocytes by showing spontaneous
bursting activities, an index of highly synchronized network
activity (Opitz et al., 2002). Some published works showed
that under the in vitro differentiation protocol with no
astrocyte support, the synaptic events recorded in hiPSC-
or ESC-derived neurons are mostly EPSCs (Kim et al., 2011;
Shi et al., 2012), while other works show the detection of
both EPSCs and IPSCs after long time in culture (Marchetto
et al., 2010b). We carried out careful analysis on the
synaptic events recorded from iPSC-derived human neurons
cultured on astrocyte to separate spontaneous EPSCs versus
IPSCs. Interestingly, within the first two weeks after plating
hiPSC-derived hNPCs on astrocytes, the synaptic events were
mainly EPSCs. After three weeks of culture on astrocytes,
the spontaneous events developed into a mixture of both
excitatory and inhibitory synaptic events, with the IPSCs
accounting for 30–40% of the total events. Our data may
suggest that glutamatergic neurons are generated earlier
before GABAergic neurons when differentiated from hiPSCs.
Alternatively, glutamatergic synapses are established faster
than GABAergic synapses among iPSC-derived neurons. This
finding of early EPSCs is important for future studies on human
neuronal development using iPSC approach, because it is
different from rodent neuronal cultures where GABAergic
Figure 9 Human neurons can be incorporated into neural networks. (A–B) CFDA-labeled hiPSC-derived neurons (green) received
synaptic input as early as one week after co-cultured with primary mouse neurons. (C–D) Dual whole-cell recordings on a pair of
human neurons derived from hiPSCs (WT 126) revealed action potential-evoked synaptic responses after one month in coculture with
astrocytes. (E–F) Dual whole-cell recordings revealed functional synaptic connection between human neurons derived from a
different hiPSC line (WT 33). Glutamate receptor antagonist CNQX blocked the evoked synaptic responses (red trace).
754 X. Tang et al.synapses typically precede glutamatergic synapses (Deng
et al., 2007).Implication in neuron-glia interactions and
disease modeling
Besides promoting neuronal synapse formation, astrocytes
regulate neuronal functions in various ways, including uptake
of glutamate to reduce excitotoxicity, buffering extracellu-
lar K+, supplying nutrients to neurons, and taking part in
brain–blood-barrier (Nedergaard et al., 2003; Molofsky et
al., 2012). A series of recent studies showed that astrocytes
expressing mutant superoxide dismutase 1, which is linked to
amyotrophic lateral sclerosis, are toxic to motor neurons
derived from human or mouse ESCs (Di Giorgio et al., 2007;
Nagai et al., 2007; Marchetto et al., 2008). Similarly,
MeCP2-deficient astrocytes impose non-cell autonomous
effects on neuronal dendrites and synaptic functions (Ballaset al., 2009; Maezawa et al., 2009). In global MeCP2 knockout
mice, selective expression of MeCP2 only in astrocytes can
partially rescue Rett syndrome deficits (Lioy et al., 2011).
Thus, diseased astrocytes will negatively impact cocultured
neurons, while healthy astrocytes will promote neuronal
functions. This raises an important question regarding what
kind of astrocytes to choose as the neuronal substrate when
studying disease mechanisms using hiPSC-derived neurons.
Because astrocytes have enormous influence on neuronal
functions, it is possible that healthy astrocytes might mask
certain phenotypes of cocultured neurons. In such case, it
will be desirable to culture diseased neurons on diseased
astrocytes to investigate potential effects of astrocytes. On
the other hand, if diseased neurons still show significant
phenotype in coculture with healthy astrocytes, the pheno-
type is likely cell autonomous within neurons. Together, our
studies suggest that astrocytes play a critical role in
promoting functional maturation of hiPSC-derived neurons.
Whether using astrocyte as the culture substrate, and which
Figure 10 Generation of human glial cells from hiPSC-derived NPCs. (A) After the two month culture on laminin, a significant
portion of HuNu+ cells (blue) were immunopositive for astroglial marker GFAP (green, indicated by arrows). (B) These astroglial cells
survived up to 3–4 months in culture, and were both GFAP+ and S100B+. (C) hNPCs derived from low passage of hiPSCs differentiated
into MAP2+ neurons after being cultured on glial cells (indicated by *). (D) A significant portion of high-passage (N20 passages) NPCs
differentiated into GFAP+ glial cells (indicated by arrows).
755Astrocytes control hiPSC-derived neuronal maturationdevelopmental stage of neurons being used may have
important implications in interpreting the results using
hiPSCs for disease modeling and drug screening.
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